ABSTRACT: Transcription factors with multiple post-translational modifications (PTMs) are not uncommon, but comprehensive information on site-specific dynamics and interdependence is comparatively rare. Assessing dynamic changes in the extent of PTMs has the potential to link multiple sites both to each other and to biological effects observable on the same time scale. The transcription factor and tumor suppressor BCL11B is critical to three checkpoints in T-cell development and is a target of a T-cell receptor-mediated MAP kinase signaling. Multiple reaction monitoring (MRM) mass spectroscopy was used to assess changes in relative phosphorylation on 18 of 23 serine and threonine residues and sumoylation on one of two lysine resides in BCL11B. We have resolved the composite phosphorylation−dephosphorylation and sumoylation changes of BCL11B in response to MAP kinase activation into a complex pattern of site-specific PTM changes in primary mouse thymocytes. The site-specific resolution afforded by MRM analyses revealed four kinetic patterns of phosphorylation and one of sumoylation, including both rapid simultaneous site-specific increases and decreases at putative MAP kinase proline-directed phosphorylation sites, following stimulation. These data additionally revealed a novel spatiotemporal bisphosphorylation motif consisting of two kinetically divergent proline-directed phosphorylation sites spaced five residues apart.
■ INTRODUCTION
PTMs are the key regulatory handles responsible for altering the functional state of cellular proteins. Individually, in multiples, or in combinations, they can alter secondary structure, enzymatic activity, protein−protein and protein− complex interactions, subcellular localization, and thermodynamic or regulated stability. These finely coordinated modifications are critical to proper cell function; miscoordination of these PTMs, including PTMs of transcription factors, 1 is associated with aberrant cell function and disease. 2−4 Site-specific DNA-binding transcription factors directly regulate gene expression to control everything from the very nature of a cellcoordinating development through functional maturityto finely tuned and subtle responses to internal and external cues. Having no constitutive enzymatic activities, transcription factors are the orchestrating nucleus for associating enzymatic complexes and are themselves the target and integrator of cellular signals in the form of PTMs. 1 The site-specific transcription factor BCL11B is required for postnatal life and proper development of skin, 5 teeth, 6, 7 and the nervous system. 8, 9 BCL11B is essential to the development and function of the adaptive immune response and is highly expressed in the T-cell lineage. Circulating T-cell subtypes develop in the thymus, where BCL11B serves as a master regulator and determining transcription factor for T-cell lineage commitment. 10−15 The latter stages of thymocyte development are regulated by activation of the TCR and downstream MAP kinase pathways, which in turn activate a gene network sufficient for the T-cell maturation program (positive selection) or for induction of apoptosis (negative selection). Knockout of BCL11B blocks T-cell development. 12, 15 In late-maturing DP thymocytes, BCL11B regulates expression of approximately 900 genes and functions as a repressor in the context of the NuRD complex of proteins at a majority of the sites but functions as an activator at a minority (33%). 14 In humans, haploinsufficiency of BCL11B is linked to T-cell acute lymphoblastic leukemia 16−18 and adult T-cell leukemia/lymphoma; 19 BCL11B overexpression is associated with acute myeloid leukemia 20 and head and neck squamous cell carcinoma. 21 In mice, haploinsufficiency of BCL11B increases susceptibility to radiation-induced lymphomas and lymphoblast crisis.
22
BCL11B is a highly phosphorylated transcription factor with more than 50 sites in human and 37 in mouse tissues reported to date. 23 In mouse primary thymocytes, we previously identified 23 serine/threonine phosphorylation sites and two sites of sumoylation of BCL11B. 24 Our study showed that BCL11B is modified by phosphorylation and sumoylation in resting thymocytes (90% of which are DP cells) and responds dynamically to activation of the MAP kinase signaling pathway. Activation leads to the following composite changes in BCL11B: (1) a rapid increase in phosphorylation and coincident loss of basal sumoylation that is followed by (2) simultaneous dephosphorylation and resumoylation and (3) subsequent ubiquitination and proteasomal degradation. BCL11B phosphorylation is mediated by both ERK1/2 and p38 MAP kinases, but the slower dephosphorylation is dependent on ERK1/2-activated protein phosphatases. The sumoylation state of BCL11B is dependent on the activity of associated SENP desumoylating enzymes, and this activity is promoted by BCL11B phosphorylation. The consequence of these sequential PTM changes is the apparent conversion of BCL11B from a repressor to an activator of transcription at the model target gene, Id2.
The role(s) of BCL11B PTMs is underexplored in normal thymocyte function as are the consequences of its dysregulation in oncogenesis. Tandem mass spectrometry was used to directly identify the principal sumoylation site (for both SUMO1 and SUMO2/3). 24 However, despite the identification of a linkage between phosphorylation and desumoylation, we lacked phosphorylation site-specific kinetic information needed to efficiently interrogate functional effects of BCL11B PTMs efficiently. To define the functionally relevant phosphosite alterations that precede or complement sumoylation to regulate BCL11B activity, resolution of the kinetics of phosphorylation/ dephosphorylation of individual phosphositesincluding those occurring on multiply-phosphorylated peptidesis required over a time course of activation that corresponds to changes in transcriptional activity.
The current report is focused on resolving the dynamics of phosphorylation and sumoylation on BCL11B in a native cell system, that is, thymocytes, with naturally limited protein levels using multiple reaction monitoring-mass spectrometry (MRM-MS). Detailed kinetic characterization has the potential to distinguish the most relevant PTMs of highly modified proteins and narrow the combinatorial scope of lower throughput methods that seek to define the function of identified PTMs. We characterized the relative PTM dynamics of the majority of BCL11B phosphosites and its principal sumoylation site and grouped these sites into kinetically concerted subpopulations.
■ MATERIALS AND METHODS

Primary Cell Culture and Treatment
Primary mouse thymocytes were isolated from 5−7 week old mice and cultured at 37°C in RPMI 1640 media supplemented with 2.5% fetal bovine serum (HyClone) for 6 h prior to chemical stimulation. All procedures involving mice were conducted with approval of the Oregon State University Institutional Animal Care and Use Committee. Thymocytes were stimulated with 100 nM phorbol 12,13-dibutyrate (LC Laboratories, Woburn, MA) and 500 nM A23187 (Calbiochem), or with DMSO (vehicle control), for between 7 and 60 min to activate cell signaling pathways in a manner similar to native T-cell activation. 25, 26 Protein Extraction and Sample Preparation Immediately after treatment, cultured thymocytes were diluted in ice-cold PBS, centrifuged, and lysed in 10 volumes of rapid detergent lysis buffer (20 mM HEPES, pH 7.4; 200 mM NaCl; 50 mM NaF; 2 mM EDTA; 10% glycerol; 0.1 mM PMSF; 1 μg/mL pepstatin A; 5 μg/mL leupeptin; 10 μM E64; 10 mM N-ethylmaleimide; and 1% SDS) and placed in a boiling water bath for 15 min. Denatured protein extracts were sonicated to shear DNA and diluted 10-fold in the same buffer lacking SDS but containing 1.1% Triton-X100. Two monoclonal anti-BCL11B antibodies (clones 25B6, Abcam ab18465 and 6A10, mAbDx, Cambridge, MA) were used together, each at 0.25 μg/ mL, to immunoprecipitate denatured BCL11B from dilute extracts. BCL11B samples were gel purified from protein G agarose immune complexes by SDS-PAGE, and peptides were prepared for analysis by sequential cyanogen bromide cleavage and trypsin digestion. In-gel cyanogen bromide digests (200 mM cyanogen bromide in 70% trifluoroacetic acid) were conducted at room temperature for 12−14 h, protected from light in a fume hood. Warning: cyanogen bromide is toxic, volatile, and decomposes to HCN gas. Volatile reactants were removed from the gel slices by centrifugal vacuum concentration, neutralized with ammonium bicarbonate, and dehydrated in acetonitrile. Prior to tryptic digestion, the dried gel slices were rehydrated and reduced in 25 mM dithiothreitol/50 mM ammonium bicarbonate for 30 min at 50°C, alkylated in 50 mM 2-chloroacetamide/50 mM ammonium bicarbonate for 30 min at room temperature, and dehydrated again in acetonitrile. In-gel tryptic digests were conducted in 0.025% ProteaseMax (Promega, Madison, WI) and 50 mM ammonium bicarbonate for 3 h at 37°C. Product peptides were extracted from gel slices in 0.01% ProteaseMax and 50 mM ammonium bicarbonate, acidified with trifluoroacetic acid, and concentrated by vacuum centrifugation. This double-cleavage procedure permitted the efficient analysis of phosphorylation on Ser169, Ser277, Ser401, and Thr416, and sumoylation on Lys679. The signals from the resulting shorter peptides were more easily observed, and the site-specific resolution of phospho-Ser401 from phospho-Thr416 was facilitated by analyzing these modifications on separate peptides generated from the cleavage at Met412. Cyanogen bromide cleavage also facilitated the analysis of sumoylation by reducing the size of the SUMO moieties from between 19 residues (SUMO1) and 34 residues (SUMO2 and SUMO3) to 15 residues. The cleavage products of SUMO2 and SUMO3 are indistinguishable; consequently, we report the combined modification by both of these subtypes (see Figures 1 and 2 , Supporting Information for outlines of sample preparation). inner diameter PicoFrit capillary column (New Objective) packed with Magic C 18 reverse-phase resin (100 Å, 5 μm) using a 45 min gradient from 2−40% solvent B in solvent A, followed by a 5 min gradient to 60% solvent B and then a 1 min gradient to 95% solvent B at a flow rate of 400 nL/min, where solvent A was 0.1% formic acid in water, and solvent B was 0.1% formic acid in acetonitrile. The solvents used were LC−MS grade from Burdick & Jackson (Morristown, NJ). Spectra were acquired over a 75 min period using a resolution of 0.7 (fwhm) in both Q1 and Q3, a chrom filter peak width of 10 s, and a collision gas pressure on Q2 of 1.2 mTorr. The spray voltage used was set at a value to establish a stable spray, which ranged between 1850−2100 V, and the capillary temperature was set to 275°C.
Quantitative Multiple Reaction Monitoring Analysis
Analytical precursor/product ion pair transitions were chosen from a spectral library generated using BiblioSpec (version 2) 27 from Thermo LTQ-FT tandem mass data 24 and optimized on a TSQ Vantage triple-quadruple mass spectrometer with respect to collision energy. 28 Skyline (version 1.3) 29 MRM analysis software was used to generate a series of collisional energy (CE) optimization methods for the mass spectrometer. Unscheduled transition lists were exported into 15 MRMmode instrument methods to allow higher scan time (15 ms) analysis of transitions. For each transition, a range of collisional energy voltages spanning ±5 V from a theoretically calculated optimal value were recorded, and these qualification runs were evaluated in Skyline. The CE voltage that yielded the highest intensity peak for each peptide was determined to be the optimal value (see Figure 3 , Supporting Information for transitions to spectra library matches used in this study). The scan time used in the finalized transition list was 8 ms.
Relative quantitative analysis was based on the sum of precursor/product ion pair total ion currents of PTMcontaining peptides normalized to total BCL11B represented by unmodified BCL11B peptides. Analytical transitions were recorded for each peptide, and site-specific transitions were chosen to resolve phosphorylations on multiply-phosphorylated peptides. See Figure 1 for an outline of analytical procedures and Table 1 of the Supporting Information for a listing of transitions used in these analyses. Our choices for normalization peptides in this highly modified protein were limited as many of the best candidates contained known or potential phosphorylation sites. We used a pair of BCL11B tryptic peptides lacking known or potential phosphorylation sites, 437 FQSNLIVHR 445 and 641 GGAFAPGAEPFPALFPR 657 , for signal normalization in most instances (the signals used to quantify these peptides are shown in Figure 4 , Supporting Information). An alternative normalization procedure used the nonphosphorylated version of analyzed peptides, where possible, for the peptide products of cyanogen bromide cleavage as the efficiency of this reaction was variable. Cyanogen bromide will not cleave oxidized methionine residues, 30 and the source of this variability was likely sample differences in the degree of methionine oxidation. Use of these nonphosphorylated peptides for normalization was an effective internal sample control. Phosphorylations at Thr376 and Ser381 were quantified as the unweighted mean of the normalized signals from two peptides; all other sites were quantified from a single peptide. Data from two independent biological replicate samples are reported.
Data Access
The mass spectrometry data have been deposited to PeptideAtlas database (PASSEL, http://www.PeptideAtlas. org) 31 with the data set identifier PASS00521. Quantitative Figure 1 . Outline of site-specific PTM quantification by LC-MRM. Phosphorylation of BCL11B peptides containing multiple sites was quantified by selecting residue-specific transitions from a spectral library and optimizing the collision energy of each transition to maximize signal intensity. The transitions, signal, and relative quantitative values for an example isobaric mixture of two singly phosphorylated peptides are colored in red and blue to indicate the residual locations of the phosphate modification and the site-specific divergent kinetics upon cell signaling pathway activation in primary thymocyte culture. The figure illustrates the quantification of Thr313 (red) and Ser318 (blue) from one biological replicate. chromatograms and the spectral library are available for viewing a t h t t p s : / / p a n o r a m a w e b . o r g / l a b k e y / p r o j e c t / OSU%20Filtz%20Group/supplementary_data/Vogel-2014/ begin.view? and are available from the same location for download as Skyline files (Skyline software 29 is freely available at https://skyline.gs.washington.edu).
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■ RESULTS AND DISCUSSION
The kinetics of phosphorylation of individual sites in multiplyphosphorylated proteins is greatly understudied and yet is critical to accurately determine the mechanistic role of posttranslational modifications in regulation of protein function. Most PTMs are viewed as binary switches in which presence or absence controls a discrete protein function or location. In multiply-modified proteins, the potential tertiary structures or modification states increase as do the opportunities for finetuning response or for variation in function. Currently, mass spectrometric techniques used to identify PTMs are far more efficient than methods available to assess the functional relevance of the modifications. Two strategies are generally used to identify functional effects of PTMs. The first strategy is to develop site-specific antibodies selective for modified states of the protein and probe under various conditions to correlate modification with function. This method is robust and applicable to native tissues; however, developing and validating antibodies requires a significant investment of time and resources and is impractical as a survey method. The second strategy is mutagenesis of the modified site to a nonmodifiable amino acid or mutagenesis to a mimic (e.g., mutation to glutamate to mimic a phosphosite) followed by assessment of function. However, the study of highly modified proteins by mutagenesis of individual sites presents significant difficulty in that combinatorial possibilities can overwhelm experimental designs. Although a few reports exist in which clusters of relevant PTMs were identified by simultaneous multisite mutants (e.g., the roles of combinations of 26 phosphosites in the plant transcription factor PIF3 32 ), we have had only limited success in the identification of the function of specific phosphorylation sites after numerous single and multiphosphosite mutants of BCL11B were created. 24 To more efficiently identify functional clusters of PTMs on BCL11B, we hypothesized that functional states of the protein are likely to temporally correlate to the PTM kinetics of individual sites. To most accurately link PTMs to temporally distinct functions, we sought to quantify the kinetics of modification of individual amino acid residues over the functional time course in the native system, DP thymocytes.
Given these constraints, we selected MRM-MS to attempt comprehensive quantification of relative modifications of all identified sites of BCL11B over a time course of activation. A recent study by Zheng and colleagues 33 used MRM-MS analysis to link five phosphosites in the scaffolding protein SHC1 to at least three distinct phosphorylation states that temporally correlated with segregated functional outcomes following EGF receptor stimulation. The challenge that we faced was to perform a similar MRM-MS analysis but in a native tissue source with its normal repertoire of PTM modifying enzymes at naturally limited protein levels and to simultaneously quantify 23 previously identified phosphorylation sites. BCL11B PTMs were assessed by MRM-MS basally and at three time points based on previous estimates of the maxima of each PTM following the initiation of MAP kinase stimulation by PDBu/A23187 to quantify site-specific dynamics in primary mouse thymocytes. 24 The stimulation time points also encompass the time frame in which BCL11B functionally shifts from association with a repressed to an activated Id2 target gene. Sample PTMs were preserved by rapid whole-cell denaturation; the target protein was enriched by immunoprecipitation and gel purified prior to analysis. Analytical transitions were chosen to quantify PTM-containing peptides, and site-specific transitions were chosen for multiplyphosphorylated peptides. The method effectively resolved the site-specific phosphokinetics of multiply-phosphorylated peptides and allowed us to quantify 18 of 23 phosphorylation sites. Our results are consistent with a more limited previous report that BCL11B is dynamically phosphorylated at four specific sites in TCR-stimulated human leukemia T (Jurkat)-cells. 34 For the analysis of BCL11B sumoylation, fragment ions encompassing the entire tryptic pentapeptide and between 2 and 11 residues of the SUMO moieties were chosen. Relative PTM quantification efficiently served the primary purpose of identifying amplitude and kinetics of dynamically modified residues. Absolute quantification can be accomplished by the use of stable isotope-labeled internal standard peptides, 35, 36 but given 23 sites to monitor, this would have been needlessly costly for our purposes.
MRM analysis is commonly used to quantify proteins from complex mixtures in proteomic studies by identifying a few experimentally well-behaved peptides and selectively monitoring a few of the most intense collisionally induced precursor/ product ion pairs. However, the single-protein, multisite analyses performed herein did not allow the freedom to choose the most intense peptides. Therefore, the signals obtained and quantified in this study are generally smaller than those expected for a proteomic study. The low stoichiometric ratio typical of many PTMs imposes an additional analytical limitation. Despite the increase in sample size, data for five additional phosphorylation sites previously identified 24 were not sufficiently robust to permit site-specific quantification.
Sumoylation Is More Easily Assessed with Cyanide Bromide Cleavage BCL11B has two known sumoylation sites: the principal site, Lys679, was identified in situ by tandem mass spectrometry; and a secondary site, Lys877, which is not amenable to mass spectrometry analysis, was identified from the results of sitedirected mutagenesis. 24 Our analysis of BCL11B sumoylation was limited to the modification of the experimentally accessible Lys679 by SUMO1 and SUMO2/3 and was aided by the combined use of cyanogen bromide cleavage and trypsin digestion, which provided a significant advantage over trypsin alone for the analysis of sumoylation. Cyanogen bromide cleaves the SUMO side chains to 15 amino acid residues for all subtypes and reduces the number of isoforms that result from missed trypsin cleavage (relevant to the analysis of SUMO2/3). These shortened SUMO moieties retain the same sequence distinction as the trypsin-only digestion products and for most peptides are expected to be predominantly observed as 3 + charge state ions when analyzed by electrospray ion sources. The signals generated by these smaller branched-chain peptides proved sufficient for the current analysis. Cyanogen bromide/ tryptic preparations may be generally useful for the mass spectrometric analysis of sumoylation.
The kinetics of Lys679-specific sumoylation quantified by MRM-MS are similar to the nonsite-specific quantitative immunoblot analysis ( Figure 5, Supporting Information) . Sumoylation decreased rapidly upon thymocyte stimulation, followed by resumoylation to a level greater than basal by 60 min. Sumoylation often results in the multimeric attachment of SUMO moieties to a single lysine residue that forms polymeric chains, potentially of mixed subtypes, 37 and was observed for BCL11B in this context (see Figure 5 , Supporting Information and ref 24) . Immunological methods are sensitive to the total number of SUMO moieties, but the mass spectrometric methods employed in the current report are sensitive only to the covalent attachment stoichiometry at the target lysine residue.
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BCL11B may be ideally suited to the study of sumoylation dynamics in a native, functionally relevant cell population. Its principal sumoylation site is located on a small tryptic peptide five amino acids in length, which places this modification within the analytical range of current targeted mass spectrometric techniques. In contrast, a typical sumoylated peptide analyte is expected to be the length of two typical tryptic peptides modified by the addition of a 15 amino acid SUMO moiety. In addition, BCL11B is natively expressed at high levels in thymocytes, a cell population that is highly homogeneous and easily isolated from the thymus. Finally, the dynamics of BCL11B PTMs are easily and relevantly affected as demonstrated in the current report.
Kinetic Classification of BCL11B Post-Translational Modifications
Kinetic characterization of the phosphorylation sites revealed that the composite phosphorylation status of BCL11B previously observed over the stimulation time course was not the result of simultaneous, kinetically concerted alterations of all sites. Rather, resolution of the sumoylation and phosphorylation kinetics of individual sites allowed us to classify distinct PTM states of BCL11B. Phosphosites were categorized into four groups based on relative changes in the stoichiometry of phosphorylation. Phosphorylation of four sites increased rapidly and reached a maximum at 7 min poststimulation, which decreased from there (shown in red in Figure 2) . A second group of five sites (shown in green in Figure 2 ) lost phosphorylation relative to basal and reached a minimum at either 7 or 30 min. For a third group of four sites (shown in Figure 2 . Relative quantification of BCL11B post-translational modifications following MAP kinase stimulation in primary mouse thymocytes. Sitespecific quantifications were calculated from the sum of multiple total ion currents targeting PTM-specific LC-MRM transitions (see Supplemental  Table 1 for the specific transitions and Supplemental Table 2 for the data represented in this figure) . Time of stimulation (min) is presented on the abscissa and plotted relative to basal unstimulated (0 min) on the ordinate. Specific BCL11B site modifications are identified in the figure and are grouped kinetically: sites that increase rapidly to a maximum at 7 min followed by a decrease (with a minimum at 30−60 min) are shown in red; sites that decrease from basal are shown in green; sites that increase with stimulation and remain elevated are shown in blue; sites insensitive to stimulation are shown in black; and sumoylations at Lys679 are shown in orange. Data points are the mean of two biological replicates, and the vertical bars represent the range of these data values. Data points without vertical bars did not vary beyond the width of the plotting point between the two data sets. blue), stimulation resulted in a general increase in phosphostoichiometry that was relatively insensitive to phosphatase activity when compared to the red sites. The fourth group of three sites appeared to be relatively insensitive to stimulation (shown in black in Figure 2 ).
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A summary model of these data reveals that MAP kinase stimulation elicits four successive states evident in the changing PTM pattern of BCL11B (Figure 3) . The model is partially informed by estimates of the extent of phosphorylation derived from relative phosphorylation changes ( Figure 2 ) and comparable differences between the phosphopeptides and nonphospho-modified versions of those peptides. The basal state of the protein is sumoylated on Lys679 and phosphorylated on selected residues (green bars in Figure 3 ). MAP kinase stimulation simultaneously results in rapid selective dephosphorylation of some basally phosphorylated residues and increased phosphorylation at other sites. Some of the increased phosphorylation sites are relatively sensitive to phosphatase(s) and rapidly dephosphorylate (red bars), while others are not (blue bars). Stimulation also results in an initial rapid decrease in sumoylation at Lys679. Thirty minutes after the onset of stimulation, phosphorylation has reached an overall minimum, and sumoylation levels have returned to near basal. By 60 min poststimulation, the phosphorylation status of BCL11B is dominated by the kinase sensitive/phosphatase insensitive sites (blue bars), and the sumoylation state is markedly in excess of basal. The most dynamically altered amino acids fall within range of the central BCL11B protein−protein interaction domain (PPID 1, Figure 3 ).
38−41
Desumoylation and Resumoylation Occur in Different Phospho-BCL11B Contexts
The integration of extracellular signals and resulting changes in gene expression patterns are mediated by changes in PTM status of transcription factors and associated cofactors.
1 DP thymocytes are a quiescent cell type; poised for both activation and apoptosis, they are the progenitor of numerous circulating T-cell subtypes and serve as a developmental checkpoint. BCL11B is essential as its regulated activation is critical to the adaptive immune response. In the basal state, the transcription factor BCL11B is the repressor of some genes and the activator of others.
14 Upon cellular activation, BCL11B appears to switch from a basal repressor to a net activator of at least some of these genes via a process that involves both desumoylation and resumoylation linked to changes in phosphorylation. 24 While there are multiple phosphorylation site changes, these assume three distinct states in thymocytes in response to stimulation. Basal sumoylation exists in one of these states; the rapid desumoylation occurs while BCL11B assumes a second phosphorylation state, and the subsequent resumoylation occurs while BCL11B is in a third state. Previous work had suggested no more than a simple inverse relationship between sumoylation and phosphorylation. The current report clearly indicates that resumoylation, returning to near basal levels by about 30 min and increasing to a maximum at about 60 min, occurs in the context of a phosphorylation state that is very different from that which exists under basal conditions ( Figure  3) . The results of this analysis suggest that a particular combination of phosphorylation sites in the presence of sumoylation is needed to specify the activity state of BCL11B-occupied promoters. 
Identification of a Novel Spatiotemporal Bisphosphorylation Motif
The kinetic resolution obtained in these studies also allowed for identification of two instances of a previously unidentified spatiotemporal protein phosphorylation motif, pTPPXXpSP in BCL11B, the subsites of which share a similar kinetic and directional response to MAP kinase stimulation. Shown in Figure 2 and schematically in Figure 3 , both threonines (Thr313 and Thr376) are relatively phosphorylated in the basal state, while the serines (Ser318 and Ser381) are relatively unphosphorylated. Upon MAP kinase stimulation, the threonines are rapidly dephosphorylated, while the serines phosphorylated, which suggests differential sensitivity of the sites to kinase and phosphatase. The effect of cellular stimulation is to switch the dominant phosphosite on both motifs from the threonine to the serine residues.
The closest analogous example of this motif occurs in the transcription factor MYC. This extensively studied protein is activated and degraded by sequential phosphorylation− dephosphorylation on a closely spaced pair of proline-directed phosphorylation sites. MYC is sequentially phosphorylated first at Ser62 and then at Thr58 by different kinases, the first of which activates and stabilizes the protein, while the second is required for the binding of PIN1, the consequent cis/transisomerization of Pro63, and the degradation promoting dephosphorylation of phospho-Ser62 by a trans-specific phosphatase. These motifs, while similar at the amino acid sequence level, differ in the sequential ordering of phosphorylation and dephosphorylation and in the consequence of dephosphorylation. 3, 42 This BCL11B motif is relatively uncommon in that it occurs singly in approximately 60 human proteins, half of which are known to be phosphorylated (see Table 3 , Supporting Information) and three of which have known functional relevance, including in the cardiac hypertrophic response mediated by the transcription factor GATA4.
2,43,44 BCL11B uniquely contains two examples of the motif that both occur in the middle of the central protein−protein interaction domain (Figure 3 ). While the microscopic mechanism underlying the switch in the motif is likely rooted in the differential sensitivity to signal-activated protein phosphatases, the macroscopic effect may be as a signal coincidence detector for the dual activation of both relevant kinases and phosphatases.
■ CONCLUSION MAP kinase activation in thymocytes results in a complex pattern of multisite phosphorylation, dephosphorylation, desumoylation, and resumoylation on the target transcription factor BCL11B. While these results are consistent with the simultaneous action of ERK-and p38-mediated phosphorylation and ERK-stimulated phosphatase action, 24 the resulting multiple kinetic patterns are unusual. Multisite phosphorylation/dephosphorylation is often observed to be concerted and sometimes positively cooperative, which results in switch-like mechanisms. 45−48 The four kinetic patterns of phosphorylation we observe suggest a complicated PTM-mediated regulatory scheme that requires the action of multiple enzymes, the interplay of which remains to be defined. The bisphosphorylation motif described above may be an example of this complexity.
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